PilC is a phase-variable protein associated with pilus-mediated adherence of pathogenic Neisseria to target cells. In this study, 24 strains of Neisseria gonorrhoeae with known epidemiological data were examined for expression of PiIC. All strains produced PilC independently of serovar and site of isolation. To investigate whether the PilC protein is conserved or variable among gonococcal strains, the complete nucleotide sequence of pilC in four strains, isolated from either rectum, throat or blood, was determined. The deduced amino acid sequence in these strains differed from each other and from the two PilC proteins of N. gonorrhoeae MS11. These data demonstrate that PilC is commonly expressed, but the PilC sequence may vary among gonococcal strains.
INTRODUCTION
Surface-exposed antigens of Neisseria gonorrboeae can have highly variable structural expression, including differences in their pili, opacity proteins and lipooligosaccharides (Lambden et al., 1981; Hagblom et al., 1985; Diaz & Heckels, 1982; Barritt et al., 1987; Mandrel1 et al., 1986) . Pili of N. gonorrboeae are a major virulence factor and promote attachment of the bacteria to eukaryotic cells (Swanson, 1973 ; Buchanan & Pearce, 1976) . Adherence of piliated (P' ) bacteria can be modulated by sequence changes in the major pilus subunit protein, PilE (Virji & Everson, 1981 ; Virji et al., 1982 Virji et al., ,1992 Virji et al., ,1993 Nassif et al., 1993; Rudel et al., 1992; Jonsson et al., 1994) .
PilC is a 110 kDa pilus-associated minor outer-membrane protein involved in pilus biogenesis and pilusmediated attachment (Jonsson et al., 1991 (Jonsson et al., ,1992 Rudel et al., 1992 Rudel et al., , 1995a . N. gonorrhoeae strain MS11 contains two pilC genes, pilCZ and pilC2, which are highly homologous but not identical (Jonsson et al., 1991; Rudel et al., 1995a) . The expression of PilC is frequently turned on and off by frameshift mutations in a poly(G) tract located within the signal peptide coding region. PilC is involved in pilus biogenesis since pilC double knock-out mutants are non-piliated (Jonsson et al., 1991; Nassif et al., 1994; Rudel et al., 1995a) . Mutants of N. gonorrboeae M S l l expressing either PilCl or PilC2 can both mediate attachment to target cells at equal levels (Jonsson et al., 1994; Rudel et al., 1995a) , whereas in Neisseria rneningitidis 8013, PilC1, but not PilC2, expression is correlated with adherence to Hec-I-B and HUVEC cell lines (Nassif et al., 1994; Rahman et al., 1997) . High PilC expression in the meningococcal strain MC58 is correlated with hyperadherence and superior anchorage of the bacteria to the host cells (Virji et al., 1995) . Recently, PilC was suggested to act as an adhesin at the tip of the pilus fibre (Rudel et al., 1995b) . The PilC protein is also associated with the bacterial cell surface (Rahman et al., 1997) .
In this study, we examined 24 clinical isolates with known serovar and epidemiological data for production of the PilC protein. We also determined the complete + Determined by immunoblotting.
PilC variation in N. gonorrboeae al., 1985) and the antigens were prepared as previously described (Backman et al., 1985) . The strains were passaged two to four times on haematin agar plates [36 g GCII agar base (BBL), 83 ml horse blood (National Veterinary Institute), 2 ampoules yeast autolysate (Oxoid product no. SRlO5B) per litre] before being stored at -70 "C. The characteristics of the strains are shown in Table 1 Ten microlitres whole cell lysates of each strain were electrophoresed on SDS-PAGE gels (Laemmli, 1970) . The proteins were transferred onto a nitrocellulose filter and tested for reaction with polyclonal anti-PilC serum (Towbin et al., 1979) . The polyclonal anti-PilC serum was directed against PilC2 of MSll and was prepared as previously described (Jonsson et a!., 1991). Transmission electron microscopy (TEM). For TEM, strains of gonococci were grown overnight on GC agar plates, suspended in 10 mM Tris/HCl (pH 7*5), 10 mM MgCl, buffer and overlaid on 200-mesh carbon-coated copper grids for 10 min. The grids were washed with water, negatively stained with 1 % sodium silicotungstate and examined in a Philips lOOxx microscope.
Assays for adherence to cultured ME180 cells. ME180 (ATCC HTB33), an epithelial-like cell line derived from a human cervical carcinoma was grown in McCoy's 5A medium supplemented with 10 O/ O foetal calf serum and 1 % L-glutamine at 37 "C in 5 % CO,. For adherence assays, the cells were seeded in four-well tissue-culture chamber slides (Nunc) and incubated at 37 "C for 2 d. The bacterial isolates were taken from the -70 OC storage supply, and several colonies of each strain were streaked on a GC agar plate for use in the binding assay. Non-confluent layers of ME180 cells were infected with lo' bacteria ml-l for 1 h at 37 "C in 5 YO CO,. The cells were washed four times with minimal essential medium (MEM) and fixed with 0 3 ' / o glutaraldehyde. After blocking with 2%
BSA for 1 h, attached bacteria were detected with gonococcal antiserum (diluted 1 :200 in 0 2 % BSA in PBS, pH 7-4) for 30min, washed three times in PBS, incubated with FITCconjugated anti-rabbit IgG (Sigma) diluted 1 : 10oO in PBS for 60min and finally washed three times in PBS. The mean number of attached bacteria per cell was determined by counting the bacteria on 100 randomly chosen cells. The binding assay was performed on three independent occasions, with bacteria taken from the -70 "C storage vial each time.
PCR amplification. Genomic DNA was prepared as previously described (Jonsson et al., 1991) . The PCR reactions were carried out according to the protocol of Perkin Elmer Cetus. Chromosomal DNA from GC-640 was used as rhe template and the primers used were synthesized according to the DNA sequence of MSll pilCl (Jonsson et al., 1995) by Pharmacia
Biotech. DNA polymerase from Dynazyme was used in the PCR assay. The samples were subjected to 30 cycles of 1 min at 94 "C, 1 min at 44 "C and 3 min at 72 "C. (Table 2 ). More than one M13 clone was sequenced, and no sequence differences between clones were found. The pilC gene of GC-647, GC-653 and GC-626 was PCR-amplified using primers C1 and C4 (Table 2) , and then gel-purified. Automated sequencing of the PCR products was performed using internal pilC primers ( The pilE gene was PCR-amplified and sequenced directly as previously described (Jonsson et al., 1994) .
RESULTS

Expression of PilC in clinical isolates of N. gonorrhoeae
We examined 24 strains of N. gonorrhoeae (Table 1) for the production of PilC. Whole bacterial cell lysates were examined by immunoblotting using a PilC-specific antiserum, and all isolates demonstrated a 105-1 10 kDa band, indicating that PilC was expressed. The negative control used was MSll-8, which is a spontaneous nonpiliated, PilC-variant of MS1 lmk(P+)-u. This variant reverts to P+, PilC+ at a frequency of iO-3-iO-4 per cell per generation, so it presumably had a minor population of PilC-expressing bacteria. However, this was not detected by immunoblotting. We thus concluded that the PilC-positive signal of the isolates came from true PilC+ bacteria and not from P-, PilC-clones containing a small population of revertants. Isolate GC-626 displayed a weaker band in immunoblots, indicating that PilC production was down-regulated in this clone or that the PilC sequence of this isolate was very different compared to that of PilC2 of N. gonorrhoeae MS11, against which the antiserum was raised.
Variation in adherence to ME180 cells
Twenty-three of the strains in Table 1 expressed pili as determined by TEM, and one strain, GC-640, isolated from blood was not able to produce pili. One set of related strains, GC-645, GC-646, GC-647, GC-653 and GC-655, was studied for adherence to the epithelial cervical cell line ME180. These strains were isolated from a patient not responding to antibiotic treatment, and differed from other sets of related strains in that they did not produce Opa, as detected by SDS-PAGE and Coomassie-brilliant-blue-staining of outer-membrane preparations. Non-confluent layers of cells were infected with lo' bacteria for 1 h and bound bacteria were detected by immunofluorescence microscopy. All five strains were of identical serovar, but differed in attachment levels from 5 to 60 bacteria per cell (Fig. 1) . Southern hybridization and PCR amplification revealed that the strains carried only one copy of pilC (data not shown). According to careful examination by TEM, this set of strains produced equal amounts of pili. However, the strains contained different pilE gene sequences relative to each other (Fig. 2) , as determined by direct sequencing of PCR-amplified fragments. Therefore, it is likely that the variation in adherence was due to PilE variation. These data are in agreement with previous studies in vitro, which showed that sequence changes in PilE lead to variation in tropism to target cells (Virji et al., 1993; Rude1 et al., 1992; Jonsson et al., 1994; Nassif et al., 1993) . The non-piliated DGI (disseminated gonococcal infection) strain GC-640 expressed Opa, and bound to ME180 cells at levels of 10 bacteria per cell, which is higher than the non-piliated MSll control strain with five bacteria per cell. Opa proteins of N. gonorrhoeae mediate adherence and invasion into target cells (Virji & Everson, 1981; Kupsch et al., 1993) . It is therefore likely that the increased adherence of GC-640 was due to expression of Opa. pilC in gonococcal strains differs from pilC in strain
MSll
To determine the variability of piZC among gonococcal strains from different sites of isolation, the entire piZC gene was sequenced in four strains: GC-640, GC-626, GC-647 and GC-653. Strain GC-640 was isolated from blood and carried only one piZC gene, as determined by Southern blotting of CZaI-digested genomic DNA, and by CZaI digestion of PCR-amplified pilC fragments of GC-640 (data not shown). Strain GC-626, isolated from the rectum, expressed low levels of PilC in immunoblots. The two related strains, GC-647 and GC-653, isolated from the throat, bound at low (5 bacteria per cell) or high (60 bacteria per cell) numbers to ME180 cells. For DNA sequencing of GC-640, PCR was used to amplify the gene in three overlapping pieces. Two fragments of 1.7 kb and 1.5 kb covered the region encoding the mature protein, and overlapped by 250 bp. The third fragment of 185 bp covered the signal peptide coding region. Each fragment was sequenced by primer walking using the oligonucleotides shown in Table 2 . The sequenced piZC gene of GC-640 contained 12 G residues within the poly(G) tract in the signal peptide coding region (EMBL accession number Y13022). The gene showed 84 ' / O homology with piZC2 of MS11 (Jonsson et aZ., 1995) and 88% homology with piZC2 (Rude1 et aZ., 1995a) of MS11, according to analysis with the GCG 8 software. In the case of GC-626, GC-647 and GC-653, the complete piZC gene was PCR-amplified and sequenced directly by using internal primers. The piZC gene of GC-647 was identical to pilC of GC-653 (EMBL accession number Y13021), which proved that piZC sequence variation did not mediate the different levels of adhesion seen. piZC of GC-647/653 is 86 '/ O homologous to M S l l piZC2, and 84% homologous to MS11 pilC2. This piZC gene sequence carries 10 G residues within the poly(G) tract. GC-626 piZC (EMBL accession number Y13020) contains 13 G residues in the poly(G) tract, and showed 89 % homology with pilC2 and 91 YO homology with piZC2 of MS11.
The PilC sequence varies among strains
The deduced amino acid sequences of pilC in GC-640, GC-626 and GC-647/653 are shown in Fig. 3 The PilC protein of GC-647/653 was 84% identical (90 % similar) to MS11 PilC1, and 74 % identical (83 YO similar) to M S l l PilC2. PilC of GC-626 reacted weakly in immunoblots using an antiserum raised against PilCl of MS11. Since this sequence did not differ more from M S l l PilCl compared to the other strains, it is likely that the weaker PilC band seen in immunoblots was due to down-regulation in PilC production. Hydrophobic and hydrophilic domains were analysed by the GCG 8 software and showed no apparent variation between the different sequences (data not shown).
DISCUSSION
The aim of this study was to determine if PilC is expressed in gonococcal strains of different origin, and to determine whether the PilC sequence is conserved or variable. We found that all the 24 clinical isolates expressed PilC, independently of serovar and site of isolation. The DGI strain GC-640 expressed PilC, although pili were not demonstrated by TEM. However, the isolate GC-626 showed a weaker PilC band in immunoblots. Since the piZC sequence of this strain did not show increased variability compared to the other strains examined, it is likely that PilC production may be down-regulated in GC-626. In a previous study of N. meningitidis, PilC was detected in 89% of the mucosal isolates and in 5 4 4 0 % of the disseminated isolates studied, as determined by immunoblotting using a PilC antiserum (Virji et al., 1995) . It could be that meningococci and gonococci differ in PilC expression. How-PilC variation in N. gonorrhoeae ever, a different PilC antiserum was used in the meningococcal study.
The strains demonstrated variation in attachment to ME180 cells. GC-647 and GC-655 adhered very poorly although they were piliated and PilC+. Thus, adherence to ME180 varied even when the amount of PilC detected by immunoblotting was equal. GC-647 (binds poorly to MEMO), and GC-653 (binds well to ME180) carry an identical piZC gene, but differ in piZE gene sequence. Therefore, the variation in adherence is most likely due to PilE sequence variation. Sequence variation in the major pilus subunit, PilE, has previously been shown to modulate adherence of both N. gonorrhoeae and N. meningitidis to target cell lines and tissues (Virji et al., 1992 (Virji et al., , 1993 Jonsson et al., 1994; Rudel et aZ., 1992; Nassif et al., 1993) .
Some of the strains used in this study were passaged one or two times before being frozen. Therefore, we can not exclude the possibility that the phenotypes expressed by these isolates differed from the in vivo situation. The number of G residues found indicates that GC-640 piZC was out-of-frame. However, expression of PilC in GC-640 was demonstrated by immunoblotting. It may be that the piZC gene was in-frame in a subclone of the isolate. It is also possible that during PCR, a frameshift, with loss of a G residue or addition of two G residues, could occur because of the limited proof-reading of the DNA polymerase. Different proportions of in-and outof-frame copies were found in an earlier study (Jonsson et al., 1991) involving strain MS11, which was found to express PilC. Among the strains studied, we found that only GC-640 and the set of five related strains, i.e. GC-645, GC-646, GC-647, GC-653 and GC-655, carry one piZC locus. The remaining isolates contained two piZC alleles, according to PCR-amplification with piZC2 -and piZC2-specific primers.
The conserved and variable domains in PilC could represent antigenic variation of the PilC protein. PilC has been suggested as a vaccine candidate, but the antigenicity of the stable domains has to be investigated to determine whether the conserved domains are exposed to the human immune system. If PilC is an important adhesin which interacts with a specific receptor on eukaryotic cells, the receptor-binding domain of the PilC protein should be conserved and be a potential target for development of a vaccine. Further studies are required to determine if the variable and conserved regions of PilC are surface-exposed and to determine the possible clinical importance of the demonstrated variation. 
